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FORWARD

University of Utah Professors Chris P. Pantelides and Lawrence D. Reaveley obtained a
research grant from the Utah Department of Transportation (UDOT) for performing a research
study regarding the evaluation of capacity and seismic retrofit of three reinforced concrete
systems, consisting of a three column bent without a deck and two three-column bents joined by
the existing deck. The Southbound lanes of the South Temple Bridge, at Interstate 15 were the
site for performing these tests. The tests were performed in April and May of 2000. Two of the
bents were retrofitted with a grade beam at the foundation level and the third was also retrofitted
with a grade beam but in addition it was reinforced with carbon fiber reinforced polymer (FRP)
composites.

Principal investigator for the project was Professor Chris P. Pantelides, and co-principal
investigator was Professor Lawrence D. Reaveley of the Department of Civil and Environmental
Engineering. Mr. Jeffrey B. Duffin, Mr. Jon Ward, and Mr. Chris Delahunty, graduate students
at the Civil and Environmental Engineering Department, were the research assistants for the
project.

This document constitutes the Final Report for the project. The UDOT managers for the

project were Mr. Samuel Musser, P.E., Research Program Manager, and Daniel Avila, P.E.,
Development & Implementation Program Manager.



EXECUTIVE SUMMARY

Results from in-situ lateral load tests of three R/C bridge bents, whose design was
inadequate under current seismic codes are presented. The first test involved an as-built bent
without any deck, which demonstrated column bar pullout at the bent cap-column joints and
subsequent lap splice failure. Details of a R/C grade beam seismic retrofit design are provided.
A nonlinear analysis model including soil-structure interaction predicted the experimental results
with reasonable accuracy. Structural displacement ductility and that resulting from bent cap and
foundation flexibility were compared to theoretical relations. Limiting strains and stresses for
reinforcement in columns, bent cap-column joints, lap splices, and pile cap-column joints were
measured and compared to the literature. Comparison of the experimental column plastic hinge
length to predictive relationships shows that the latter slightly underestimate the measured plastic
hinge length. Damage indices based on energy were used to evaluate the performance.
Comparison with a test of a bridge bent without a grade beam retrofit shows that the foundation
seismic retrofit was successful in enhancing the performance of the system.

The in-situ tests demonstrated that application of an external CFRP composite seismic
retrofit to reinforced concrete bridges with inferior design details enhances the displacement
ductility and seismic performance; this provides an economic alternative to rebuilding. The
lessons learned from the tests were used in developing improved recommendations for the
seismic retrofit design of R/C bridges using CFRP jackets. The performance-based design
procedure includes a nonlinear pushover static analysis of the as-is bent, determination of the
column CFRP jacket thickness for plastic hinge confinement, column shear strengthening, and
column lap splice clamping. A second analysis of the CFRP retrofitted bent with an iterative
design of the T-joints is then carried out; the CFRP jacket in the T-joints consists of three
elements: (1) diagonal FRP composite sheets for resisting diagonal tension; (2) FRP composite
sheets in the direction of the beam cap axis for shear strengthening and increased flexural
capacity; and (3) U-straps that are clamped at the column faces and go over the beam cap, whose
purpose is to anchor the longitudinal column bars that typically terminate prematurely, and to
provide additional flexural strength.  An equilibrium approach combined with strain
compatibility is used to design all three CFRP elements. It was found that the design procedure
compared favorably with experimental results carried out in the 1-15 in-situ tests.

The tests revealed that the CFRP composite retrofit design placed an additional demand
on the substructure system, which needs to be addressed when considering a seismic retrofit
design of this type. The additional strength of the retrofit design of the superstructure caused
yielding in the piles and additional stresses on the pile caps. It will be shown that during the
testing, the structural frame actually transitioned into three unique frame types defined as: Phase
I (0%<drift<4%) fixed-fixed column ends; Phase 11 (4%<drift<6%) plastic hinged-hinged for the
exterior columns and plastic hinged-plastic hinged for the middle column; and Phase IlI
(6%<drift<6.8%) semi fixed-hinged for the exterior columns and semi fixed-plastic hinged for
the interior column. However, the CFRP composite retrofitted bent was able to achieve the goal
of doubling the displacement ductility of the as-is bent.
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1. INTRODUCTION

The seismic force and displacement capacity of bridges is of interest for the purpose of
establishing realistic estimates for performance-based seismic design and retrofit. In
particular, assessment of existing bridges with deficient seismic details is important for
evaluating their capacity and for suggesting seismic retrofit measures.

Laboratory studies have been carried out for design of new reinforced concrete (RC)
bridges and for seismic retrofit of existing ones. Improvement of column longitudinal bar
anchorage by addition of steel plates welded to the ends of the steel bars and replacement of
the removed concrete using a cement-based mortar was demonstrated by Park et al. (1993).
Seismic retrofit techniques for RC bridges involving steel jackets, concrete jackets, and fiber-
reinforced polymer (FRP) composite jackets for columns have been used successfully
(Priestley et al. 1996). Xiao et al. (1996) presented theoretical and experimental studies for
seismic retrofit of bridge column footings. They found that reinforced concrete overlay
retrofits may not develop an effective post-cracking mechanism. Eberhard and Marsh (1997)
tested a three-span reinforced concrete bridge by inducing cyclic lateral loads on its bents.
These tests determined the structure’s stiffness under three conditions: (1) in-situ, (2)
excavation of soil from abutments, and (3) isolation of the structure from the abutments.
McLean and Marsh (1999) performed experimental studies on 1/3-scale models for retrofits
of both pile-supported and spread footing column assemblages. It was found that a
reinforced concrete overlay provided an effective retrofit. An as-built bridge joint with
typical pre-1960 design details was tested at 75% scale by Sritharan et al. (1999). The design
flaws were: (a) no joint reinforcement, and (b) the longitudinal column bars were
prematurely terminated at the joint. The performance of the joint was not satisfactory;
pronounced diagonal cracks across the joint were observed at a displacement ductility equal
to 2.0 and the joint damage prevented the ideal strength of the system from being developed.

Other retrofit schemes include steel jackets connected to a base plate anchored to the
footing (Darwish et al. 1999), post-tensioning of T-joints using RC bolsters (Lowes and
Moehle 1999), and retrofitting of outrigger beam-column frames with concrete sleeving and
column jacketing (Griezic et al. 1999). Pantelides et al. (1999, 2001) conducted in-situ
cyclic, quasi-static lateral load tests on two bridge bents, one of which was retrofitted with
carbon FRP (CFRP) composites, and the other was tested as-is; the foundations of both bents
were improved with a plain concrete beam linking the pile caps and an external tension tie
made up of two 36-mm Dywidag bars; it was found that the displacement ductility of the
retrofitted bent with CFRP composites was significantly improved.

FRP Composite Confinement

The behavior of many structures including bridges under the effects of recent earthquakes
such as the 1989 Loma Prieta, 1994 Northridge, and 1995 Kobe, has been the stimulus for
developing and implementing new techniques and applications of modern materials, such as
carbon and glass FRP composites for seismic retrofit.  The unsatisfactory seismic
performance of these structures has been attributed to poorly designed details and outdated
design principles, which existed in older codes. The various applications of external FRP
composite retrofit in bridges have shown that in most cases the implementation of FRP



composite materials provides adequate seismic detailing to the structure, and improves
ductility and seismic performance; this provides an economic alternative to rebuilding.

Confinement effectiveness of FRP jackets in concrete columns depends on several
parameters, including concrete strength, types of fibers and resin, fiber volume fraction and
fiber orientation in the jacket, jacket thickness, shape of cross section, length-to-diameter
ratio of the column, and the interface bond between the core and the jacket. The application
of carbon fiber composite jackets for the three columns and cap beam of an existing concrete
bridge pier was performed in September 1996, in Salt Lake City. The evaluation of the pier
in the as-is condition, the rehabilitation objectives, and the composite wrap design were
presented by Gergely et al. (1998). A bilinear stress-strain curve for the confinement model
of circular and rectangular concrete sections with fiber-reinforced plastic composite jackets
was used for performing pushover analyses. Mirmiran et al. (1998) studied the effects of
shape, length, and bond on FRP-confined concrete. They show square sections to be less
effective in confining concrete than their circular counterparts. Spoelstra and Monti (1999)
developed a uniaxial model for concrete confined with FRP composites. The model, which
is suitable to be inserted into fiber-type beam-column elements, explicitly accounts for the
continuous interaction with the confining device due to the lateral strain of concrete, through
an incremental-iterative approach. The relation between the axial and lateral strains is
implicitly derived through equilibrium between the dilating confined concrete and the
confining device. This relation allows one to trace the state of strain in the jacket and to
detect its failure. The model is compared with a set of experimental tests and shows very
good agreement in both the stress-strain and the stress-lateral strain response.

A new stress-strain model for concrete with a sufficient amount of confinement from
FRP composites, which leads to significant compression strength enhancement has been
presented by Lam and Teng (2002). A strain ductility based model, was developed for
predicting the compressive behavior of normal strength concrete confined with FRP
composite jackets by Moran and Pantelides (2002). The model is applicable to both bonded
and non-bonded FRP confined concrete, and can be separated into two components: a strain
softening component that accounts for unrestrained internal crack propagation in the concrete
core, and a strain hardening component that accounts for strength increase due to
confinement provided by the FRP composite jacket. A variable strain ductility ratio was
used to develop the proposed stress-strain model. Equilibrium and strain compatibility were
used to obtain the ultimate compressive strength and strain of FRP confined concrete as a
function of the confining stiffness and ultimate strain of the FRP jacket.

Seismic Strengthening with FRP Composites

An investigation on the seismic strengthening of concrete columns with carbon fiber
composites was conducted by Katsumata et al. (1988). Ten Yz-scale column specimens with
square cross-sections were tested, after the corners were rounded. The test results showed
that wrapping of carbon fibers around the column greatly increased the earthquake-resistant
capacity of the columns. Saadatmanesh et al. (1996), analyzed the seismic behavior of RC
columns strengthened with FRP composite straps. Five concrete column-footing assemblages
were constructed with a 1/5-dimensional scale factor. The unidirectional glass fabric straps
were wrapped around the potential plastic hinge zone of the columns. All specimens were
tested under inelastic reversal loading while simultaneously being subjected to a constant



axial load. Test results showed that seismic resistance of retrofitted concrete columns
improves significantly as a result of the confining action of the FRP composite straps. The
straps were highly effective in confining the core concrete and preventing the longitudinal
reinforcement bars from buckling under cyclic loading.

Seismic retrofit methods focusing on the retrofit of RC bridge piers were studied by
Machida (1997). Primarily, improvement of shear resistance strength is required for the
improvement of seismic resistance of RC structures. In the old standards, shear resistance
strength in the case of no placement of reinforcing steel bars was overestimated, and as a
result, many structures had insufficient shear resistance strength. Conventional retrofitting
methods include enhanced concrete placing and steel plating. To overcome these large-scale
operations, the winding of carbon fiber sheet and the use of aramid fiber sheet were
developed. In addition, FRP spraying was proposed and investigated as a retrofit method.

The flexural behavior of earthquake-damaged reinforced concrete columns repaired with
prefabricated FRP wraps has been studied by Saadatmanesh et al. (1997a). Four column
specimens were tested to failure under reversed inelastic cyclic loading to a level that could
be considered higher than would occur in a severe earthquake. The columns were repaired
with prefabricated FRP wraps and retested under simulated earthquake loading. The test
specimens were designed to model single-bent, nonductile concrete columns in existing
highway bridges constructed before the modern seismic design provisions were in place.
FRP composite wraps were used to repair damaged concrete columns in the critically
stressed areas near the column footing joint. Seismic performance of repaired columns in
terms of their hysteretic response was evaluated and compared to those of the original and
unretrofitted columns. The results indicate that the proposed repair technique was highly
effective. Both flexural strength and displacement ductility of the repaired columns were
higher than those of the original columns. The typical behavior of rectangular bridge
columns with substandard design details for seismic forces was investigated by
Saadatmanesh et al. (1997b). The poor performance of this type of column attested to the
need for effective and economical seismic upgrading techniques. A method utilizing FRP
composites to retrofit existing bridge columns was investigated. High-strength FRP straps
were wrapped around the column in the potential plastic hinge region to increase
confinement and to improve the behavior under seismic forces. Five rectangular columns
with different reinforcement details were constructed and tested under reversed cyclic
loading. Two columns were not retrofitted and were used as control specimens so that their
hysteresis response could be compared with those for retrofitted columns. The results of this
study indicated that significant improvement in ductility and energy absorption capacity
could be achieved as a result of this retrofitting technique.

RC elements have also been strengthened with polyacetal-fiber (PAF) sheets. Typical
properties of the polyacetal fiber are high strength, high strain capacity, high resistance to
shear force, lightweight and ease of handling by preformability. Polyacetal fiber reinforced
by special epoxy-resin that is optimized for the fiber offers an outstanding combination of
properties not available from steel and other high strength fibers, such as glass, aramid and
carbon fibers, which are used for the seismic retrofit of RC structures. The advantages
realized were the overall cost savings and strengthening of RC elements in a short time.
Tests conducted by lihoshi et al. (1999) investigate the strengthening effect of concrete
elements with polyacetal FRP. The lateral loading tests were performed on fourteen RC



columns in order to analyze the strengthening effect of polyacetal FRP on shear and ductility,
and to clarify the possibility of this FRP as a material for seismic retrofit.

The use of FRP composite material wraps on aged and damaged concrete structures
has been recognized as an effective method to restore the load carrying capacity and extend
the service life of the structures (Lau and Zhou 2001). The investigation shows the behavior
of the wrapped concrete cylinder with different wrapping materials and bonding dimensions
using finite element (FEM) and analytical methods. The experimental results show that the
deflection of the wrapped concrete cylinder in the load direction decreases with increasing
length, thickness and modulus of the wrapping sheet. A reliable technique of CFRP
prestressing has also been developed for retrofitting of some Japanese historical structures
(Katsumata et al. 2001). Masuo et al. (2001) studied the seismic strengthening of RC
columns with wing walls. In the proposed strengthening system, CF-anchors are jointed to
CFRP sheets by passing anchor strands through the penetrating holes of the wing walls. It
was shown that the load-deformation behavior of the columns strengthened by the system
almost coincided with that of completely wrapped columns.

Seismic Retrofit Design with FRP Composites

FRP composite jacket design criteria, for various seismic column failure modes, were
described by Seible et al. (1997). Detailed examples showed the application of the design
criteria to retrofits of columns with circular and rectangular sections, different reinforcement
ratios, and detailing. The carbon jacket designs were validated through large-scale bridge
column model tests and were found to be just as effective as steel shell jackets in providing
desired inelastic design deformation capacity levels.

In the aftermath of the 1995 Hyogo-Ken Nanbu Earthquake in which many failures of
bridge piers occurred, numerous studies have been conducted on ways to retrofit existing RC
columns and piers. Mutsuyoshi et al. (1999) studied and found that continuous fiber sheets
offer a feasible means of retrofitting. Consequently, several design guidelines on the use of
FRP sheets for retrofitting highway, railway and subway structures have been proposed in
recent years. The JSCE (Japan Society for Civil Engineers) Concrete Committee on FRP
Sheet, has been commissioned to establish a new design method for seismic retrofit of bridge
columns and piers. It seeks to unify all the existing guidelines on a performance-based
design concept. The new design method of shear strength and ductility of retrofitted RC
structures using FRP sheet is described and the design equations for shear strength and
ductility are also presented.

The rehabilitation of RC columns jacketed with carbon FRP composites for improving
shear strength, confinement, and ductility has received considerable attention. However,
research for improving the shear capacity of beam-column T-joints in bridges using FRP
composite materials is in the early stages. Gergely et al. (2000) describe the experimental
results of fourteen 1/3-scale tests of concrete beam-column joints. The variables considered
were the composite system, the fiber orientation, and the surface preparation. The tests
demonstrated the viability of carbon FRP composites for their use in improving the shear
capacity of the joints as evidenced by the experimental results. Based on these experimental
results, a design aid was developed for T-joints with inadequate confinement and shear
reinforcement.

Monti et al. (2001) proposed a design equation to determine the optimal thickness of FRP
jackets and to enhance the ductility of existing RC bridge piers with circular cross sections.



The equation allows the design of the optimal thickness of FRP jackets in terms of the
desired upgrading index, mechanical characteristics of the selected composite material, and
quantities defining the initial state of the pier section. Seible (2001) describes jacket design
criteria for various seismic column failure modes, and provides detailed examples of their
application to retrofits of columns with circular and rectangular column geometry, different
reinforcement ratios, and detailing. The paper also shows that the retrofit criteria and
guidelines are applicable to other advanced composite jacketing systems with appropriate
consideration for differences in mechanical properties of the materials system, installation
and curing technology, as well as jacket discontinuities.

Pantelides and Gergely (2002) presented analysis and design procedures for the CFRP
composite seismic retrofit of an RC three-column bridge bent. The CFRP jacket was
designed using performance-based criteria to provide a target displacement ductility based on
seismic retrofit measures for the columns, bent cap, and bent cap-column joints. In situ quasi-
static cyclic tests of a bent in the as-built condition and a bent retrofitted with the CFRP
jacket were carried out in 1998. The seismic retrofit was successful, and the bridge bent
retrofitted with CFRP composites reached a displacement ductility level in excess of the
target ductility and double the hysteretic energy dissipation of the as-built bent. A description
of the CFRP composite layout and validation of the design assumptions from the
experimental results was presented. Recommendations for improvement of the original
CFRP composite seismic retrofit design were offered based on the lessons learned from the
in situ tests.

Large Scale Tests of Bridge Systemswith FRP Composites

Seible et al. (1999) conducted a large scale test on one “as-built” and four composite
jacketed rectangular flexural bridge spandrel columns to assess the effectiveness of different
retrofit schemes using FRP composite jackets. Three of the four FRP retrofit systems only
addressed the lap splice region, whereas the fourth system connected the column jacket to the
arch rib to improve the column/arch rib interface response. Final damage patterns and failure
modes showed that only the latter scheme improved the seismic response whereas the other
systems resulted in a sliding failure mode without improving the displacement capacity,
which for the prototype bridge response is less desirable than the original "as-built" lap splice
debonding failure. All retrofit schemes successfully clamped the column reinforcement lap
splice above the column pedestal construction joint. The tests showed that FRP composite
jacketing systems clearly can be installed without affecting the overall geometry or
appearance of the structure, and emphasized the importance of designing retrofit strategies to
control the mode of failure. Retrofitting of one weakness without considering the next mode
of failure could lead to ineffective and poor designs.

In-situ lateral load tests of two bridge bents were conducted on Interstate 15 in Salt Lake
City to determine the strength and ductility of an existing concrete bridge and the
improvements that could actually be achieved using a CFRP advanced composite retrofit
(Pantelides et al. 1999). The design of the CFRP composite retrofit was developed based on
rational guidelines for the columns, cap beam, and cap beam-column joints to double the
displacement ductility of the as-built bent. The advanced composite was able to strengthen
the cap beam-column joints effectively for an increase in shear stresses of 35%, while the
peak lateral load capacity was increased by 16%. The displacement ductility was
significantly improved from the as-built bent to the CFRP retrofitted bent.



Large scale tests have been performed for investigating the retrofit of double-deck
viaducts which incorporated cap beam prestressing (Priestly et al. 1993), and in-situ tests
have been carried out on FRP retrofitted columns (Gamble an Hawkins 1996) and FRP
retroffited bridge bents (Pantelides et al. 1999a, 2001). The tests showed that FRP composite
jackets are as effective as comparable steel or concrete jacket systems. The seismic retrofit
of the State Street Bridge on Interstate 80 in Salt Lake City has been recently completed with
a CFRP composite seismic retrofit (Pantelides et al. 2003a, 2003b), in which many of the
retrofit concepts and experience developed from previous in-situ tests were implemented.

Bridge columns and decks were strengthened with CFRP rods and strips by Alkhardji
(2001). The first part of the research focused on strengthening and testing to failure of the
bridge decks. One of the three simply supported decks was strengthened using near-surface
mounted (NSM) DFRP rods while another deck was strengthened using externally bonded
CFRP strips. This led to the conclusion that the addition of FRP reinforcement improved the
flexural capacity of the decks and that the design strengths were achieved in the field. The
second part of the research presented the strengthening and testing to failure of the bridge
columns. This part of the research program aimed at investigating the feasibility and
effectiveness of using NSM CFRP rods to improve the flexural capacity of the columns. Test
results indicate that the proposed strengthening technique is feasible and effective for
improving the flexural capacity of RC columns.

Saatcioglu and Grira (2001) carried out an experimental investigation to vertify the use of
FRP grids as transverse reinforcement in concrete structures, placing emphasis on concrete
confinement and seismic loading. Column reinforcement cages consisted of ordinary steel
reinforcement as longitudinal bars and FRP grids as transverse reinforcement. Test
parameters included grid spacing and pattern, the volumetric ratio of grid reinforcement, and
the level of axial load. Results indicate improved deformability of columns, when confined
by properly designed grids.

Three in-situ tests were preformed on two bents of a reinforced concrete bridge under
quasi-static cyclic loads (Pantelides et al. 2001). The bridge was built in 1963 and did not
possess the necessary reinforcement details for ductile performance. The tests included an
as-built bent, a bent rehabilitated with CFRP composite jackets, and a damage bent repair
with epoxy injection and CFRP composite jackets. Two new concepts of strengthening
bridge bents with FRP composites were implemented; the first involves shear strengthening
and confinement of beam cap-beam joints through an FRP composite “ankle-wrap”; the
second is an FRP composite “U-strap” to improve anchorage of column longitudinal steel
reinforcement extending into the joint. FRP composite jackets were implemented in the
columns and beam cap. The performance of the bent in the as-built condition and that of the
rehabilitated and repaired bents is described in terms of strength, stiffness, displacement
ductility, and energy dissipation.

Sheikh (2001) tested columns retroffited with CFRP and GFRP composites to improve
the seismic resistance of the concrete columns. Twelve circular and sixteen square columns
were tested under simulated earthquake loads while simultaneously subjected to gravity
loads. The results showed moment curvature responses of the sixteen columns. The
investigation explains that retrofitting with FRP of both circular and square columns can
result in improving their brittle behavior to highly increased ductile behavior, thus
significantly improving their seismic resistance.



It is clear from this literature review that FRP composites are well suited for seismic
retrofit. The low weight, high strength and ease of application make these materials unique
candidates for seismic retrofit. Even though the technology has been implemented, little data
exists for verification of the performance of retrofitted structures in seismic events. Seible
and Priestley (1999) reported that in the 1994 Northridge earthquake all bridge structures in
the region of strong ground motion, that were retrofitted since the 1989 Loma Prieta
earthquake, preformed adequately without damage requiring repairs. Moreover, it was
demonstrated that assessment analyses, performed on six bridges that collapsed due to
column failure showed that collapse could have been prevented if existing column
technology had been implemented before the 1994 Northridge earthquake.

Several improvements and developments are anticipated in the coming years. One area
where little work has been done within the research community is seismic rehabilitation, i.e.,
repair of structures damage during earthquakes. One such study of an in-situ test of a bridge,
which was damaged and then rehabilitated with FRP composites and was tested again, has
produced some encouraging results (Pantelides et al. 2001). In the future, more research
needs to be carried out to determine the viability of FRP composites used alongside more
commonly used materials for seismic rehabilitation.

Objectives

The present report describes the test procedures and results of three in-situ full-scale tests
carried out in Salt Lake City, Utah in 2000. The tests were carried out on the southbound
lanes of the South Temple Bridge at Interstate 15, in Salt Lake City. The first test was
carried out on a three-column bridge bent without the road deck (Bent #4S), the second test
was carried out on an identical three-column bridge with half the gravity load present from
the deck (Bent #5S), and the third test was carried out on Bent #6S, with half the gravity load
from the deck, which was seismically retrofitted with carbon fiber reinforced polymer
(CFRP) composites. For all three bents, the foundation was retrofitted through a reinforced
concrete grade beam overlay. The objective of this report is to report provide detailed
information on the test setup, the loading scheme used to simulate seismic loads, a
description of the condition of the as-is bridge bents, the design of the CFRP composite for
seismic retrofit of Bridge Bent #6S, and an assessment of the performance of the three bridge
bents.



2. BRIDGE BENT #4ASWITH GRADE BEAM RETROFIT WITHOUT THE DECK

Interstate 15 through Salt Lake City was built in 1963 and a 17-mile portion, which
included 142 bridges, was slated for reconstruction. In 1998, three lateral load tests on the
northbound lanes of South Temple Bridge were performed on two bents (Pantelides et al.
2001); the first test was for an as-is Bent #5N (1998), the second for a CFRP retrofitted Bent
#6N (1998), and the third was for Bent #5 repaired with epoxy injection and subsequently
retrofitted with CFRP composites, which is test Bent #5R (1998). The southbound lanes of the
South Temple Bridge consisted of eight three-column bents. Bridge bents #4S, #5S, and #6S
were tested in 2000: Bent #4S was freestanding, with no superimposed dead load, whereas
Bents #5S and #6S supported the section of road deck between them throughout testing. Bent
#6S had been retrofitted with CFRP composites, whereas Bent #5S was tested in the as-is
condition. This paper focuses on experimental observations of the test for Bent #4S (2000).

Reinforced concrete bridge structures are designed to allow ductile behavior and ultimately
be either serviceable or repairable after a severe earthquake. Undoubtedly, the design of new
structures is performed for the maximum possible earthquake energy dissipation, but what of
existing structures too expensive to demolish and reconstruct? The objective of the test carried
out of Bent #4S was to analyze such a structure to determine the following: (1) existing
capacity, (2) failure mechanisms, and (3) through performance-based evaluation and damage
level criteria, the adequacy of existing bridge systems.

Bridge Bent Description

Bent No. 4S of Bridge No. 58 was located at South Temple and 750 West. The structure
was used as an overpass of a Union Pacific Railroad train junction in downtown Salt Lake
City. Components of the bent include: (1) the Superstructure made of the Cap Beam and three
Columns, and (2) the Substructure made of the Pile caps, Strut Beams, and the Piles. The cap
beam is a 19.71m x 1.219m rectangle with ends that taper 0.31 m from 2.15m, which is the
outer face of the two of the three columns, which support the cap beam. The two outer
columns are spaced at equal increments from the centerline of the middle column, which is also
the centerline of the system. The three columns are 0.914m square extending from the top of
the pile cap to the bottom of the cap beam, a total distance of 6.947m; complete dimensions are
provided in Figure 2.1.

The internal details of the cap beam are denoted by the rebar detail in Figure 2.2 and the
cross-section details in Figure 2.3. A clear cover of 63.5mm was used in the cap beam, and 89
mm of clear cover was used in the columns. There are two notable details at the column ends.
The first interesting detail is the lap splices, located from the cold joint at the top of the pile
caps to approximately 762mm into the columns. This is an important detail, as the splice slips
during the test and the strain values disappear. The second point is the cold joint at the top of
the column. The columns were cast and cured before the cap beam was cast. The rebar details
in the Utah Department of Transportation (UDOT) original drawings call for a lap splice piece
of bar to continue to the top of the cap beam. Whether installation was neglected at the time of
construction or if it was an oversight is yet to be determined, but it proves to be a mistake as
the column bars stop 356mm from the top of the cap-beam, as indicated in Figure 2.2. Thus,
there were four design/construction deficiencies: (1) inadequate confinement of the columns, of
the column lap splice region, and plastic hinge regions; (2) inadequate shear capacity of
columns; (3) lack of hoop reinforcement in the bent cap joint regions; and (4) inadequate
anchorage of the column longitudinal reinforcement into the bent cap and pile caps.
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Figure 2.2 As-built rebar detail of Bent #4S
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Figure 2.3 As-built steel details of Bent #4S

The first components of the substructure are the piles and the pile caps as shown in Figure
2.4. The piles are 300mm diameter, with a 7-gage steel wall thickness, driven to
approximately 23.16m then filled with concrete. Three separate pile groups exist; the exterior
pile groups include four piles set in a 1.219m square pattern, and the interior pile group has
five piles in a 1.829m square with one pile placed in the center. A rebar mat of [12 x 16] -
22mm (#7) for the exterior pile groups and a [16 x 16] — 22mm mat for the center pile group,
lies on top. There are three individual pile caps that correspond to the three columns.
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Figure 2.4 As-built footing plan section of Bent #4S

10



The exterior pile caps are similar in dimension 2.13m square by 914mm thick
encompassing the rebar mat and the top 305mm of the pile groups. The center pile cap is
2.743m square and 914mm thick; it also encompasses the rebar mat and the top 305mm of the
pile group. The second component of the substructure is the strut beams; these are essentially
“spacers” to keep the pile caps properly spaced and tied to each other. The general dimension
is 457mm square x 4.815m long. There are 4-25mm longitudinal bars set in the corners with
76 mm of clear cover. They tie into the pile caps via lap splices on the strut side. There are
11-13mm transverse reinforcement closed hoops spaced at 457mm, as shown in Figures 2.2
and 2.3.

Vertical Load

Bent #4S was for all purposes the baseline control in the 2000 tests. It was the only bent
that had no superimposed dead load on it while undergoing testing. It only retained the dead
loads generated by self-weight; 503kN total weight of the cap beam and 138kN per column. It
did however see a lifetime of load bearing service. The total dead load for these bents in
service was approximately 4780 kN per bent (Duffin 2003). This load was distributed to eight
points located along the top of the cap beam. Thus, it can be inferred that Bent #4S had barely
16.1% of the in-service dead load, whereas Bent #5S and Bent #6S had a dead load equal to
58.0% of the in-service dead load. Alternatively, during the 2000 tests, Bent #4S had only
27.7% of the dead load that Bent #5S and #6S had when they were tested.

Condition of Bent #4Sin 2000

The general condition of Bent #4S in the spring of 2000 was as follows: the vertical
columns had very minor cracking and hardly any spalling, and the horizontal cap beam had
practically lost its clear cover. There had been severe spalling on various sections of the 37
year old structure due to concrete degradation brought on by rebar corrosion/expansion and
freeze/thaw action. Although the significant spalling appeared to be restricted to the cap beam
on the bottom face between the columns and the three vertical faces of both tapered ends, the
entire cap beam vertical faces had many hollow sounding spots that rendered the clear cover of
the cap beam useless. These areas of the cap beam also revealed longitudinal and transverse
reinforcement that had been severely weathered. The columns, strut-beams and pile caps were
all clean and intact. Photographs of spalling are provided in Figures 2.5, 2.6, and 2.7. Clearly,
the state of the cap beam was in serious deterioration; more details for an in-depth study of the
impact of the corrosion on the shear capacity can be found in the study for the northbound
bridge tests carried out in 1998 (Pantelides et al. 2000).
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Figure2.5 Spalling under cap beam of Bent #4S

Figure2.6 Spalling due to reinforcement deterioration on cap beam of Bent #4S
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Figure 2.7 Clear cover under cap beam barely attached on Bent #4S

Grade Beam Design for Foundation Retr ofit

The grade beam was developed in order to close the compression/tension load path to be
created in the structure during lateral loading. The larger mass would also make it harder to
displace the entire structure, making the system act more like a fixed base. There was also a
safety issue related to disassociating the pile caps from the piles in shear and or moment before
reaching the capacity of the system. For the above reasons, a reinforced concrete grade beam
was cast monolithically around the existing columns, pile caps and struts as shown in Figure
2.8.

In order to keep the pile caps from de-bonding off of the piles, holes were cored 1.524m
into the piles and 35mm (#11) Dwyidag bars were epoxied in place, one in each corner pile of
each pile cap, for a total of 16 bars. After the grade beam cured a 152mm square x 25mm thick
plate was fastened down to the new grade beam, so as to keep the piles, cap, and grade beam in
compression, thereby reducing the probability of pullout. The overall dimensions of the
reinforced grade beam were 762mm x 2.133m x 17.557m. The overall depth of the entire
beam was 762mm, with the exception of the depth over the pile caps, which was 305mm. The
grade beam extended past the exterior pile caps 457mm, with a knee joint return of 762mm in
depth. Twenty-four 25mm bars run the length of the grade beam, 12 on the top and 12 on the
bottom spaced evenly at 185mm. For the long runs to the north and the south of the columns
these longitudinal bars are spliced 1.525m over the mid-spans between the columns as shown
in Figure 2.9(a). Transverse reinforcement consisted of 10mm bars in one of four
configurations, which can be seen in Figures 2.9(c)-(f). Transverse reinforcement is spaced at
152mm or 406mm as shown in Figure 2.9(b).
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Figure 2.8 As-built substructure of Bent #4S (2000): (a) plan, (b) elevation

Material Properties

The material properties of Bent #4S were determined by obtaining concrete cores and rebar
from the mid-height of the columns.

Steel

Tensile tests were performed on the rebar to determine: (1) yield stress (oy), (2) ultimate
strength (oy), (3) yield strain (ey), and (4) ultimate strain, (e,). The number of bars and bar
sizes included in the test is shown in Table 2.1. This includes the tests done for the new grade
beam steel as well.

Table2.1 Tensile rebar testing schedule for Bent #4S

No. of
samples

Diameter
(mm)

Existing Bent Structure

4 32
1 19
3 16

New Grade Beam

25

10
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Figure 2.9 Modified grade beam for Bent #4S: (a) plan, (b) elevation, (c) knee joint cross
section, (d) mid-span, (e) overlay of existing pile cap, (f) overlay of existing
pile cap around column

The Young’s Modulus of steel E was found as 199.9GPa from the average stress/strain
curve that best represented the steel properties of the entire system. The original design
specification obtained from the UDOT plans called for rebar reinforcement of grade 276MPa.
The yield stress of the tested rebar was determined to be 363Mpa. This is 24% stronger than
the original design considerations. The rebar that was put into the grade beam underwent
similar testing and it was determined that the strength was 469MPa compared to the design
value of 414MPa, resulting in 11% strength increase. Material properties for Bent #4S steel
are tabulated and shown in Table 2.2.

Table 2.2 Steel rebar tensile characteristics for Bent #4S

Bar Fy
Specimen Grade (MPa)
Existing
Bent 40 364.4
New Grade
Beam 60 454.7
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Concrete

Using ASTM C 42/C - 42/M -99, cylindrical cores were extracted from the centers of the
columns. Four 102 mm diameter x 402mm length cylinders are the basis of the concrete
strength characteristics for Bent #4S. With the load/cross-sectional area and the strains
measured during the tests, the stress strain curves could be plotted with the equations given by
Hognestad et al. (1955) as shown in Figure 2.10:

2
fofr |2 —( i ] (2.1)
0.0024 | 0.0024

for ¢ < 0.002mm/mm
f,=f' [L-Z(£-0.0024)] (2.2)

for 0.002 <& < 0.004 mm/mm, and Z = 80 for confined concrete in the core; in Figure 2.10 the
lower curve is the existing bent concrete and the upper curve is the new grade beam concrete.
The value of concrete compressive strength used in the theoretical calculation and analytical
program for Bent 4 was taken to be 34.0MPa, which is the ultimate strength of the actual tests
and is shown in Table 2.3; this value is 23% higher than the specified concrete strength of
27.6MPa. The average compressive strength of the new grade beam concrete was obtained
from cylinders made at concrete casting and was found as 39.3MPa.

45 -

40 +

35 4

w
o
I

Existing Concrete

N
al

Stress (MPa)
N
o
L

15

10 4

T T T T T T T T 1
0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045
Strain (mm/mm)

Figure 2.10 Stress/Strain curves for existing and grade beam concrete in Bent #4S
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Table 2.3 Concrete compressive strength characteristics

Specimen f'c (MPa)
Existing Bent 34.0
New Grade
Beam 39.3

L oading System

Load Frame Footings

The loading of Bent 4S during the test was a quasi-static cyclic load. There were two
separate footings supporting the load frame; the rear footing shown in Figure 2.11, was a
reinforced concrete T-shaped pad 1.524m thick; the footing set upon 13-310mm steel piles that
were driven to 15m depths. The front footing sits 1.99m to the west of the rear footing,
oriented in the same plane; the footing is also 1.524m thick, with a rectangular shape; this
footing is set on 10-435mm rock columns called geo-piers. These foundations provided the
uplift and shear resistance required to support the load frame.

1.219m 1.998m 0.473m 1813m 1813m 0.473 m East —m
|
0.470 m
oJe o
1.067 m
Driven Piles
Geo-Piers IO OI 1.067 m
1.067 m
7.341m |O OI O O O 7.341m
1.067 m
é 20.310m O O
+—00 \ Log7m
1.499m O_
2.146m 1.067m
fﬁ 20.435m C
0.47,? m

3.353m
4572m ————%

0.642m

Figure2.11 Load frame footings for Bent #4S
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Load Frame

The original structure was built for testing of the northbound bridge bents in 1998
(Pantelides et al. 2000). Some modifications were made to the load frame in order to allow it
to reach the bents during the tests. An extension was made from a 609mm diameter and
19mm wall thickness structural pipe, which extended from the front face of the stiffened box
between the apexes of the two A-frames, as shown in Figure 2.12. The design calculations
used to size the members in this load frame are included elsewhere (Delahunty 2003). This
structure was made of several components, of which the first two components are A-frame
structures made of AISC steel wide flange shapes as shown in Figures 2.13 and 2.14. W12x65
members made up the exterior shape, which includes the base. The vertical interior members
were W8x31 shapes. The horizontal and diagonal members in the A-frames were 102mm
diameter structural pipes with 13mm wall thickness that were notched and welded into 13mm
knife plates, which were in turn welded to the flanges of the W12x65 and W8x31 members.
The first tier horizontal structural pipe member was located 1.60m from the top of the footing,
the second tier 3.15m above the footing, the third tier 4.65m above the footing, and the apex of
the A-frame was 7.672m above the footing.

The load frame was placed onto the footings around 16-38mm stainless steel threaded rods,
and then leveled so as to ensure the hydraulic actuator would be level with the bent at the
center point of the cap beam. If any air gaps existed between the four pads of the load frame
and the footings, a non-shrink grout was packed into the voids to ensure that the load frame
would not flex during the loading cycles. The excess voids in and around the embedded
stainless steel tie down rods filled with a high strength epoxy to ensure the frame would not
slip around during loading. After the grout and epoxy had cured, a 25mm thick x 102mm wide
x 203mm long plate with a 38mm hole was placed over each tie down rod and welded to the
load frame pads as shown in Figure 2.15. Only then were the nuts placed on the rods to secure
the load frame to the footings.

Figure 2.12 Load frame actuator extension modification
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Figure 2.14 Load frame front view
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Figure2.15 Load frame pad with 38mm threaded tie down rods and welded plates

Push and Pull I nterface System

The hydraulic actuator used in the tests was a 406mm bore, 203mm rod, with 762mm
stroke, tie rod cylinder as shown in Figure 2.16. This actuator was serviceable up to 2.68MN
of extensive force. The load cell used was a 2.76GN capacity strain based transducer; it was
placed onto the actuator rod by means of 102mm NPT connection milled into the rods, as
shown in Figure 2.17.

e ——————

———————————

L]
r-’.

Figure 2.16 Hydraulic actuator used in testing
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Figure 2.17 Load cell with 2.76GN capacity

To apply a cyclic load the bridge bent had to be pulled to a given displacement, which required
a system that would act as if the actuator was actually pushing from the west end instead of
pulling from the east. A system of two steel boxes (Figure 2.18) that were 51mm wider than
the cap ends, was placed on the two beam cap ends, and 20 strands (ten on each side) of high-
strength 13mm, seven wire pre-stressing cable was threaded through the holes in the steel
boxes and chucked as not to slip through the holes. The pre-stressing cables were then stressed
one by one to 4.45kN per strand (See Figure 2.19).

Figure 2.18 Load cell, clevis connection and push box with chucked pre-stress tendons
located on the East side of Bent #4S
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Figure 2.19 Pull box with pre-stressing tendons stressed to 4.45kN each, located on the west
end of Bent #4S

Instrumentation

Cable-Extension Displacement Transducers

The use of Cable-Extension Displacement Transducers (CEDT or DT) to measure critical
displacements of the entire bent system, including the on screen display for displacement step
and cycle control was critical. A total of fourteen DT’s were used to record various points on
the bent. Two sets of three-tier tall scaffolding were erected, one on the east side of the loading
frame, and the other on the west end of the bent. These scaffolds served as the anchor points
for most of the DT’s. As detached points from the system there was no influence of motion
one the fixed end of the DT, and eliminated the possibility of error in displacement values.
Two DT’s were attached to the outer and upper most East and West edges of the cap-beam to
record the maximum displacement of the system as shown in Figure 2.20. The remaining DT’s
were implemented to enable calculations relating to curvature of the column faces. Three sets
of three DT’s were place on the West scaffold corresponding to the top and bottom 458mm of
the west face of the center and west columns.

Linear Variable Differential Transformers

On and around the joints of the bent a device that can measure small displacements is
necessary to understand certain behaviors that can not be captured by a DT. The linear
variable differential transformer (LVDT) is a well suited device for such measurement. A total
of 17 LVDT arrays were employed on Bent #4S. These sensors are located primarily around
the base of the center column and the center column/cap-beam joint. This was done to monitor
deformation in the joint, buckling and curvature of the columns. The locations of the LVDT
arrays are shown in Figure 2.21.

Strain Gages

As strain gages are usually bonded to isotropic materials, it became necessary to core into
Bent #4S at strategic locations, in order to attach the gages to the rebar set behind an average of
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Figure2.21 LVDT array: (a) South face of center column, cap-beam joint, (b) South face
at the base of center column

70mm of concrete. The coring was stopped just short of the steel bars, as not to damage them.
A total of 82 individual gages were installed in Bent #4S (2000), as shown in Figure 2.22. All
strain gages on the columns are on the East faces of their respective columns. The strain gages
located at the bottoms of the columns are strategically placed over the top of the lap splices.
All strain gages on the cap-beam are set on the North face of the structure. All strain gages set
in the grade beam are evenly spaced across the width of the beam. The strain gages in the
driven piles are attached to the Dwyidag bars which were installed into the piles.

Test Procedure and Structural Response

A uniaxial cyclic compression (push) and tension (pull) procedure was the basis of motion
for this experiment. The testing protocol was displacement-based increments, determined by
the drift ratio. The actuator under hydraulic pressure was made to push to the desired positive
displacement then stopped, retracted to the starting (zero) point then retracted further to the
corresponding negative displacement then stopped and returned to the original (zero) starting
point; this single cycle is denoted as the first cycle. The cycle is repeated two more times at the
exact displacement levels as the first. The three cycles to the same displacement increments
are denoted as the first step as shown in Figure 2.23. The drift of the system is calculated as

Drift =|‘j—' (2.3)

S

where d, is the lateral displacement of the system at the hydraulic actuator level, and
H=7.709m.
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Figure 2.22 Locations of strain gages on Bent #4S
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Figure 2.23 Displacement of Bent #4S vs. time with steps and cycles

The maximum pull or push displacement that the hydraulic actuator was capable of
was+381lmm. The percent drift ratio (displacement) corresponding to the steps of the
experiment was: 0.5% (39mm), 1.0% (78mm), 1.5% (117mm), and 2.0% (156mm). At this
point in the experiment, the test was continued at push steps only with one cycle per step. The
final drift ratio (displacement) was as follows: 2.6% (203mm), 3.29% (254mm), 3.95 %
(304mm), and 4.94% (381mm). Limitations in the load capacity on the pull side of the system,
moving load frame footings, slightly moving system footings, and elastic stretching of the pre-
stress tendons all contributed to missing the desired drift ratio of 5%.

Load

The loading of the system was acquired via the tension/compression load cell attached in
series with the actuator. The load history is shown in Figure 2.24, from which it is seen that
the maximum force readings come at the first cycle of each step. The maximum load of the
first step was 1157kN in the push direction and 1192kN in the pull direction. The maximum
load of the second step was 1580kN in the push direction and 1576kN in the pull direction.
The maximum load of the third step was 1573kN in the push direction and 1575kN in the pull
direction. The maximum load of the fourth step was 1428kN in the push direction and 1429kN
in the pull direction. Finally, the maximum load of the fifth step was 1474kN in the push
direction and 723kN in the pull direction. The corresponding peak loads to cycles pushed or
pulled are given in Table 2.4.

The reason behind relatively low load values on the pull side of the last step was due to the
degradation observed at the east cap beam-column joint and a concern that the joint would fall
off; thus the last four cycles were only in the push direction, where the beam cap returned to
zero displacement and was pushed only. The overall maximum push load occurred in the
fourth cycle at 1580.58kN. The last push maximum recorded was in the sixteenth cycle at
1352.78kN. The overall drop in push load capacity was 227.8kN, a drop of 14.4%.

26



2000

1500

ol

i

A

=
< ‘
"
-500 |
-1000
U\ \ \
-1500 -
'2000 T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Time (sec.)
Figure 2.24 Cyclic Load history for Bent #4S
Table 2.4 Peak loads corresponding to cycles of testing for Bent #4S
Max Load (push) (kN) | Min Load (pull) (kN)
Step First Cycle 1157.49 -1192.24
First Step Second Cycle 1049.00 -1055.82
Third Cycle 1009.18 -1008.23
Fourth Cycle 1580.58 -1576.86
Second Step | Fifth Cycle 1455.37 -1452.76
Sixth Cycle 1410.14 -1410.06
Seventh Cycle 1573.76 -1575.13
Third Step Eighth Cycle 1476.33 -1476.25
Ninth Cycle 1424.34 -1424.38
Tenth Cycle 1428.35 -1429.54
Fourth Step Eleventh Cycle 1334.89 -1336.09
Twelfth Cycle 1293.79 -1293.12
Thirteenth Cycle | 1474.12 -218.38
Fifth Step Fourteenth Cycle | 1474.12 -454.23
Fifteenth Cycle 1427.97 -596.97
Sixteenth Cycle 1352.78 -723.07

As the final four cycles of the test were actually steps, as each cycle was to a new displacement
level, and the fact that there was no real pull phase to the push phase the results of this test will
be in general inclusive of cycles 1 through 12. This means that the overall loss in the peak
push load capacity would be 1580.58kN to 1293.79kN, a difference of 286.79kN, and a drop of
18.1%. For the pull side, the peak load value occurred in the fourth cycle at 1576.86kN, and
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the last peak load value in the twelfth cycle was 1293.12kN. This is a difference of 283.74kN
and a drop of 17.9%.

Displacement of the Entire System

The displacement of the entire system was recorded in two CEDT. As shown in Figure
2.20, CEDT 1 and CEDT 3 measure this overall displacement including any motion in the bent
cap, columns, grade beam, pile caps, piles, and soil. One CEDT would have been ample for
this task, but a second was added as a redundant, and in the unlikely event that a massive
localized failure would allow different displacement values of the same structure from one end
to the other. The overall difference in data readings between CEDT 1 and CEDT 3 is shown in
Figure 2.25. These differences show a maximum of 7.9mm in the push side during the last
step, and a maximum of 10.5mm in the pull side, also accruing during the last step. These
differences are easily explained: as the test progressed more damage occurred in the structure
causing cracks to open and give different CEDT readings.
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Figure 2.25 Difference in displacement readings of CEDT 1 and CEDT 3 during testing of
Bent #4S

Because of small differences in the two CEDT data readings and to keep the displacement data
consistent with the point of application, CEDT 1 is taken as the basis of the displacement
measurement and not the average of the two CEDT. The maximum push and pull data
obtained by CEDT 1 is tabulated by cycle and shown with corresponding actual % drift and the
target drift for the entire test in Table 2.5.
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Table 2.5 Peak displacements and drift ratios for Bent #4S

Max Min
Displacement (I)D/orift Displacement (I)D/orift E;?i::?m
(push) (mm) (pull) (mm)
Step First Cycle 37.8 0.49 -41.3 -0.54 05
First Step Second Cycle 38.6 050 -385 -0.50 0.5
Third Cycle 38.3 0.50 -38.3 -0.50 0.5
Fourth Cycle 76.3 0.99 -77.0 -1.00 1.0
Second Step | Fifth Cycle 78.0 1.01 -76.2 -0.99 1.0
Sixth Cycle 76.5 0.99 -76.2 -0.99 1.0
Seventh Cycle 122.5 159 -116.2 -151 15
Third Step Eighth Cycle 114.4 1.48 -114.6 -1.49 15
Ninth Cycle 115.3 150 -1145 -1.49 15
Tenth Cycle 152.5 1.98 -147.6 -1.92 2.0
Fourth Step | Eleventh Cycle 153.9 2.00 -149.4 -1.94 2.0
Twelfth Cycle 153.1 199 -152.5 -1.98 2.0
Thirteenth Cycle | 204.2 2.65 -1.4 -0.02 25
Fifth Step Fourteenth Cycle | 269.5 350 -0.7 -0.01 35
Fifteenth Cycle 309.1 401 -12.6 -0.16 4.0
Sixteenth Cycle 383.0 497 -20.0 -0.26 5.0

Displacement of Grade Beam

CEDTs measured the displacement of the entire system; the grade beam moved during the
testing as shown by the CEDTSs attached to the grade beam at the West and East ends (Figure
2.20). The motion of the grade beam relative to the overall system is small, but it can no be
ignored. Figure 2.26 displays the motion of the overall system as per CEDT 1, the motion of
the grade beam, and the difference of CEDT 1 less the grade beam motion.
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Figure 2.26 Displacement of the entire system, grade beam, and superstructure of Bent #4S
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The maximum displacements of the grade beam for both push and pull are shown in Table 2.6.
The maximum lateral motion of the grade beam for the push, neglecting the last four cycles
was 26.3mm and 21.1mm for the pull. This motion accounts for 17.2% and 18.1% for the push
(cycle 10) and pull (cycle 9) peak displacements respectively.

Table 2.6 Peak displacements of grade beam for Bent #4S

Max Displacement | Min  Displacement
(push) (mm) (pull) (mm)
Step First Cycle 7.3 -8.0
First Step Second Cycle 8.4 -7.2
Third Cycle 8.3 -7.4
Fourth Cycle 17.2 -14.1
Second Step | Fifth Cycle 17.3 -14.6
Sixth Cycle 17.5 -14.5
Seventh Cycle 20.7 -21.1
Third Step Eighth Cycle 18.9 -20.4
Ninth Cycle 19.1 -21.1
Tenth Cycle 26.3 -17.8
Fourth Step Eleventh Cycle 25.5 -17.4
Twelfth Cycle 24.8 -17.1
Thirteenth Cycle | 26.8 -7.0
Fifth Step Fourteenth Cycle | 28.5 -9.3
Fifteenth Cycle 28.4 -10.6
Sixteenth Cycle 28.5 -11.9

Displacement of the Superstructure

The displacements and drifts of the superstructure alone are somewhat less than that of the
entire system. By subtracting the values of Table 2.6 from Table 2.5, the actual displacement
of the superstructure with the corresponding drift ratio can be obtained as shown in Table 2.7.
This determines that the superstructure and the entire system behave similarly but with
moderate differences in the maxima; because of this, the major portion of this chapter will deal
with the overall system, with periodic reference to the superstructure characteristics alone.

Hysteretic Behavior of System

The hysteretic behavior shown by the hysteresis curve is simply the relationship between load
behavior and displacement behavior of a system. This relationship is important in
understanding how a system dissipates the energy imparted into it, how a system degrades in
terms of stiffness, and in understanding the displacement ductility. The energy of a system at a
known displacement and corresponding load can be found by calculating the area of the closed
loops using calculus integration techniques if the equation of the loops is known, or by using a
cubic spline technique in order to determine the equation of loops. The hysteresis diagram for
the Bent #4S entire system is shown in Figure 2.27.
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Table 2.7 Peak displacement values and % drift for the superstructure of Bent #4S

Max Displacement | % Min Displacement | %
(push) (mm) Drift | (pull) (mm) Drift
Step First Cycle 30.5 0.40 -33.3 -0.43
First Step Second Cycle 30.1 0.39 -31.3 -0.41
Third Cycle 30.0 0.39 -31.0 -0.40
Fourth Cycle 59.1 0.77 -62.9 -0.82
Second Step | Fifth Cycle 60.8 0.79 -61.6 -0.80
Sixth Cycle 59.0 0.77 -61.8 -0.80
Seventh Cycle 101.9 1.32 -95.1 -1.23
Third Step Eighth Cycle 95.5 1.24 -94.2 -1.22
Ninth Cycle 96.2 1.25 -93.4 -1.21
Tenth Cycle 126.2 1.64 -129.8 -1.68
Fourth Step Eleventh Cycle 128.4 1.67 -132.0 -1.71
Twelfth Cycle 128.3 1.66 -135.3 -1.76
Thirteenth Cycle | 177.5 230 5.6 0.07
Fifth Step Fourteenth Cycle | 241.1 3.13 85 0.11
Fifteenth Cycle 280.8 364 -20 -0.03
Sixteenth Cycle 354.5 460 -8.1 -0.11
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Figure 2.27 Hysteretic behavior of Bent #4S
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System Stiffness

The stiffness of the system at any cycle is the slope of the hysteresis curve and it can be
found by using the maximum values in Tables 2.4 and 2.5. The stiffness of the system as
shown in Figure 2.28 decreases with each subsequent cycle. The initial elastic stiffness, ke of
58.6 kN/mm was reduced 48% in the first step and finally reduced 94% in the final cycle.
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Figure 2.28 Experimental stiffness degradation of Bent #4S
System Energy

In order to obtain the energy absorbed by the system each cycle was plotted in a Cartesian
system. Each loop was fit piecewise with a high order polynomial; these polynomials were
also given an R squared value in order to determine closeness of fit. These equations were then
used to determine the area under the curves by integrating the polynomials along the maximum
and minimum bounds. The area under the hysteresis curve has energy units (kN-m). Figure
2.29 shows how much energy is absorbed by the structure per cycle, and Figure 2.30 shows the
cumulative energy absorbed.

32



Energy Absorbed (kN-m)

Energy Absorbed (kN-m)

250

200

150 ~

100 -

50 -

1800 -

1600 -

1400 -

1200

2 3 4 5 6 7 8 9 10 11 12 13 14
Cycle Number

Figure 2.29 Energy absorbed by Bent #4S for each cycle
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Figure 2.30 Cumulative Energy absorbed by Bent #4S
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Behavior of Structural Elements

An extensive non-linear analysis including the soil/structure and soil/pile interaction was
done using the program DRAIN-2DX (Prakash et al. 1993). The maximum push and pull
load/displacement points were averaged to give a positive backbone curve which is an
envelope used to compare the pushover curve of the analytical model. Once the analytical
model was found to adequately represent the experimental results, the actual loads were input
into the program and the structural analysis produced shear forces and bending moments at
various elements of the structure. The shear and moment diagrams for the maximum
experimental lateral loads are shown in Figures 2.31 and 2.32, respectively.
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Figure 2.32 Moment Diagram for Bent #4S under maximum experimental load
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Performance L evels and Damage Assessment for Bent #4S

An overall description of the damage sustained by Bent #4S in the 2000 test is given
below. The assessed damage can be related to three failure performance levels or stages. For
the benefit of understanding the damage mechanisms behind the entire structure, this section
will deal with the six zones of the structure where nearly all the damage occurred. These
zones are outlined as in Figure 2.33.
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Figure 2.33 Six zones of interest for damage assessment

Each of the six zones has its own unique results; the bent cap and upper portion of the
columns have been split on purpose as to describe the differences that each zone portrays.
These six zones will be examined on the basis of what damage was experienced and how the
damaged progressed. Onsite field notes correlate the visible external cracking with internal
sensor readings, as well as physical mechanisms such as buckling, pullout, and lap splice
slip.

Figure 2.34 shows the three distinct performance levels or phases associated with the
performance of Bent #4S. Each of the six zones had visibly observable mechanical and
material degradation, which is associated with the unseen internally developed mechanisms
based on the three performance levels coincident with three drift ratios. These drift ratios are
chosen to best represent the damage as observed in the field, by readings from sensors and
from analytical pushover analysis. These drift ratio intervals are as follows: (a) 0.5%< drift
<1%, (b) 1% < drift <2%, and (c) 2%< drift <5%. Figure 2.34 shows the three drift
intervals with respect to the load vs. drift ratio curve. Performance level | is defined as the
drift ratio of 1% at which the structure yields; performance level Il is defined as the drift ratio
of 2% at which the column longitudinal bars pull out of the bent cap; performance level 111 is
defined as the drift ratio of 5% at which the column to pile cap lap splices have practically
pulled out and are no longer transferring the tensile forces from the columns to the pile caps
effectively.
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Figure 2.34 Performance levels and degradation phases

Zone 1. East Column-Bent Cap Joint: Damage Assessment

Six strain gages numbered SG29, SG30, SG31, SG32, SG33, and SG34, were placed in
Zone 1 as shown in Figure 2.22. The maximum tensile strain recorded in these strain gages
was 16404s which is 136% of yield for SG 32, 14005 or 116% yield for SG31 and SG33
was 9605 or 80% of yielding strain. The maximum compressive strain for SG32 was 7195
or 60% of yield, SG31 produced 19% of yield strength at 2265, and SG33 has a strain of
372us or 31% of yielding strain. Strain data given by SG33, and SG34 show a trend in that
the strain builds as each progressive drift is achieved without yielding until in the 8" cycle in
the 1.5% drift step. From that point on, the strain gage records a reducing strain reading as is
seen in Figure 2.35. This is indicative of the mechanism of de-bonding or pullout.

Strain gages SG33 and SG34 were located on the north face of the cap beam on the upper
and lower rebar. The north and south faces of the bent cap were particularly corroded; in
many areas the rebar was actually visible due to the missing concrete clear cover. It is then
easy to see why these bars will debond at low drift levels.
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Figure 2.35 Strain gage SG33 showing reduction of strain due to bar pullout

Although there was insufficient data to determine the strains on the longitudinal bars
ending in Zone 1 with SG29 and SG30, the DRAIN-2DX pushover analysis for Bent #4S
shows that the strains reached at the centerline of the cap beam over the East column, was
271045, which is 2.25 times the yielding strain. The strain in the bent cap reinforcement that
correlates to SG33 from the DRAIN-2DX pushover analysis is 1011.s in tension, which is
84% of yield, and compares well to the value of 80% of yield that was measured in the
experiment.

A moment-curvature diagram has been constructed for the east column-bent cap joint
from analytical results, as shown in Figure 2.36. The east column-bent cap joint moment
demand increases up to 4.0% drift, and then displays no increase. The curvature ductility for
the east column-bent cap joint was determined to be equal to 9.8 using the expression:

Qg =duldy (2.4)
where the ratio of the ultimate to the yield curvature is used to define the curvature ductility.

A summary of the performance of the East column bent cap joint is given in Table 2.8,
according to the three performance levels.
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Figure 2.36 Moment-curvature for East column-bent cap joint
Table 2.8 Damage assessment for East column-bent cap joint
Phase | Phase Il Phase llI
0.5 < drift £ 1.0 1.0 < drift £ 2.0 2.0 < drift £ 5.0
SG31 and SG32 both SG31 and SG32 are
Steel yield in tension first pull strain hardening through | n/a
cycle of 1.0% drift the pull cycles
4.0mm - 6.5mm cracks
developing as drift
1.0mm-4mm cracks increases due to prying
. action at toe of knee
lengthening of the shear | ..
0.2mm-1.0mm cracks cracks which develo joints. Shear
Concrete develop from 0 — 1m in P mechanism is fully

length

plastic hinge and
pulverizes concrete in
the joint

developed and plastic
hinge is well formed
releasing moment so
flexure doesn’t occur at
top of column

Column-bent cap joint

n/a

n/a

Pullout occurs at
column-bent cap joint.
Corroded bars pullout
around 2.0% drift. Best
estimate is that pullout
occurs in this drift range
around 3.5-4.0%drift
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Field Notes for East column-bent cap joint: South face
1.) 0.2mm cracks @ 0.5% drift
2.) 1.0mm shear crack developing @ 1.0% drift
3.) 3.0mm diagonal shear cracks @ 1.5% drift, no flexural cracks have developed at
the top of the column, which would be expected, plastic hinge is observed to form
approximately 279mm above column in the cap beam
4.) 4.0mm diagonal shear cracks, and 185mm? x 25mm spalling along column/cap-
beam interface@ 2.0% drift
5.) 5.0mm cracks @ 3.5% drift
6.) Two main diagonal shear cracks reach 1.24m and 1.11m in length by 5.0% drift
and measure 6.5mm wide with the majority of the clear cover de-bonded, but still
hanging, still no flexural cracks at top of column. Pure pin has formed in the cap
beam
After removing the de-bonded clear cover, the column longitudinal reinforcement was found
to end 355mm below the top of the Cap beam, and that all of the bars on the south face had
pulled out with an average of 16mm. The plans called for a splice piece to be attached to
each of the vertical bars, but apparently it was neglected. If early pullout has occurred it
makes sense as to why no flexural cracks developed at the top of the column.
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Zone 2: Center Column-Bent Cap Joint: Damage Assessment

Eight strain gages numbered SG55, SG56, SG57, SG58, SG59, SG60, SG61 and SG62,
were placed in Zone 2 as shown in Figure 2.22. The maximum tensile strain recorded out of
these strain gages was 19704s, which is 164% of yield in SG55. The maximum compressive
strain for SG55 was 162045 or 135% of yield. SG55 was the first element to yield in the
overall structure during testing; this yielding occurred in the pull direction of the first cycle at
0.5% drift. The time record of the strain for SG55 is given in Figure 2.38.
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Figure 2.38 Strain time-history for SG55, the first element to yield in the overall structure

The bent cap over the center column joint throughout the test experienced relatively little
damage. The upper part of the column however, in the plastic hinge region took almost all of
the damage. This is because the cap beam with dimensions 0.914m x 1.23m was 33% larger
in cross-sectional area, but also more than twice as stiff as the column. The strain gages
applied to the cap beam showed low level of strain. This is because the moments were
forced to the top of the column where it was least stiff.

A moment curvature diagram was constructed for the center bent cap-column joint; the
moment demand increases up to 4.0% drift, and then displays no increase. The moment
curvature curve is shown in Figure 2.39; the curvature ductility was determined from
Equation 2.4 as 11.4.

A summary of the performance of the Center column bent cap joint is given in Table 2.9,
according to the three performance levels.
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Figure 2.39 Moment curvature for center bent cap-column joint
Table2.9 Damage assessment for Center column-bent cap joint
Phase | Phase I Phase IlI
0.5<drift < 1.0 1.0 <drift £ 2.0 2.0 <drift < 5.0
SG55 yields in tension SG55 yield in iaefessztr:gnanzr:(jiglns
Steel first pull cycle of 0.5% compression in the push p :
; column bars just under
drift of seventh cycle
cap beam
South face of center
- Existing Flexural cracks | column has largest
0.15mm minimal shear )
- grow to 3.0mm; At 14mm open crack, east
cracks in cap beam : ] :
1.5%drift, spalling of face largest crack is
0.5mm-1.5mm flexural clear cover on SE 8.0mm, north face
Concrete cracks develop from 0 — : ’

0.9m in length around
cold joint and 304mm
below cold joint

corner. Possible buckle
Existing Flexural cracks
grow to 5.0mm at
2.0%drift

largest crack is 8.0mm,
west face largest crack
is 17.0mm all cracks are
flexural, no shear

Column-bent cap joint

n/a

Spalling of clear cover
on SE corner. Possible
buckle, no clear signs of
pullout

Visible joint expansion
around top of center
column with visible
bulges along 3.0-3.5%
drift
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Field Notes for Center column-bent cap joint: South face unless otherwise noted
1.) 0.15mm shear cracks @ 0.5% drift 150mm long
2.) 1.5mm flexure crack developing along cold joint and 0.6mm flexural crack
developing at 304mm below cold joint @ 1.0% drift
3.) 3.0mm flexural cracks along cold joint, and 2.5 mm cracks at 304mm below cold
joint during 1.5% drift, spalled area falls off at top of column below cold joint on
south east corner; buckling is observed
4.) 5.0mm flexural cracks at 2.0% drift
5.) visible joint expansion around top of center column with visible bulges along 3.0-
3.5% drift maybe local buckling
6.) South face of center column has largest 14mm open crack, east face largest crack
is 8.0mm, north face largest crack is 8.0mm, west face largest crack is 17.0mm all
cracks are flexural, no shear
After removing the de-bonded clear cover, the column longitudinal reinforcement on the east
and west faces were found to have buckled. The buckling on the west face was displaced
90mm out. The east face buckling was less severe, only 12mm. The main buckled area was
approximately 304mm below the cap/column cold joint as seen in Figure 2.40. Figures 2.41
and 2.42 show the column rebar buckling which occurred mainly on the west face.

Figure 2.40 Damage to Center column-bent cap joint at the end of 5% drift
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Figure 2.41 Damage to Center column-bent cap joint showing the buckled zone on the west
face

Figure 2.42 Center column-bent cap joint buckled zone on the west face
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Zone 3. West Column-Bent Cap Joint: Damage Assessment

Six strain gages numbered SG65, SG66, SG67, SG68, SG69, and SG70 were placed in
Zone 3 as shown in Figure 2.22. The maximum tensile strain recorded out of these strain
gages was 2340us, which is 195% of yield in SG 68 located at the top of the west column on
the east face just below the cap beam. The maximum compressive strain found in SG67 was
14004, or 116% yield. Strain data given by SG65 and SG66 located on the cap beam south
face and attached to the top and bottom longitudinal bars, show very similar results to SG33
and SG34 located in the mirror position on the east column. The time history of SG65 is
shown in Figure 2.43. Figure 2.43 shows that SG65 has the same tendency of the rebar to
lose strain with larger displacement; it reached yield in the tension phase of the 5" cycle at
2% drift, and yielding each subsequent cycle in tension up to 1550y, after which the strain
drops off indicating that the bar has de-bonded. SG69 and SG70 similarly loose strain
starting slowly around 1.5% and totally lose strain by the end of 2.5% drift, as shown in
Figures 2.44 and 2.45. Gages SG69 and SG70 were attached to the center longitudinal rebar
in the west column. As this particular rebar is near the neutral axis of the column, when the
cycles change between push and pull the rebar always shows a tensile strain. The graphs
therefore always stay above the x-axis. The drop in tensile strain correlates to insufficient
embedment and premature pullout, which is visually verified by the 22mm pocket located at
the top end of the rebar located 0.355m from the top of the bent cap, which can be seen in
Figure 2.46.
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Figure 2.43 Strain gage SG65 time history
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Figure 2.44 Strain time-history for SG69 in the West column-bent cap joint
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Figure 2.45 Strain time-history for SG70 in the West column-bent cap joint
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Figure 2.46 Pullout pocket in column longitudinal bar in West column-bent cap joint;
the pocket is 22mm long

A moment curvature diagram was constructed for the West column-bent cap joint; the
moment demand increases to 4.0% drift, and then displays no increase or decrease. The
moment vs. curvature curve is shown in Figure 2.47, and the curvature ductility is
determined to be 10.8.

A summary of the performance of the West column bent cap joint is given in Table 2.10,
according to the three performance levels. The condition of the joint at 2% and 5% drift ratio
is shown in Figures 2.48 and 2.49, respectively.
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Figure 2.47 Moment curvature for West column-bent cap joint
Table2.10 Damage assessment for West column-bent cap joint
Phase | Phase Il Phase Il
0.5 < drift £ 1.0 1.0 <drift £ 2.0 2.0 < drift £ 5.0
SG67 and SG68 both yield in fffré’g%:]“at 2% and
Steel tension first pull cycle of 0.5% SG6% elds in tenosion a Strain hardening for
drift. SG67 reaches max strain in 2.0% z;/re strain hardening SG65, SG67, SG68
1.0% drift through the pull cycles
0.15mm shear cracks @ 0.5% 3.0mm diagonal shear
drift 15mm-155mm long, 0.15mm cfacks @ 1950/ drift
crack developing along cold joint extendin tc.) 2:(;4mm with South face of west column
1mm diagonal shear cracks the develgo ment of a /bent cap joint has largest
155mm-200mm long, 1.5mm lastic hin pe in the center 14mm open crack, east
flexure crack developing along gf the colu?nn 381mm u face largest crack is
Concrete cold joint and 0.6mm flexural from the cold ioint P 3.0mm, north face largest
crack developing at 381mm 4.0mm dia or{al shear crack is 7.0mm, west face
below cold joint @ 1.0% drift cfacks @ g 0% drift largest crack is 3.0mm
0.15mm flexural crack minor éoncréteos aIIi,n Heavy shear damage and
developing 685mm below cold Flexural cracks n?)t 9 a well developed hinge
joint @ 1.0% drift flexural cracks developing Plastic hinge is
are visible on all faces fully de%el%ped 9
Pullout definitely occurs
Cap Beam corner bars de- | for SG69 and SG70
Column-bent n/a bond locally @ 1.5% drift | denoting the longitudinal
cap joint SG65 and SG66 show rebar in the column where

reducing strain

it ends in the cap beam
2.0% -2.5% drift
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Field Notes for West column-bent cap joint: South face unless otherwise noted
1) 0.15mm shear cracks @ 0.5% drift 15mm-155mm long, 0.15mm crack
developing along cold joint
2.) Imm diagonal shear cracks 155mm-200mm long, 1.5mm flexure crack
developing along cold joint and 0.6mm flexural crack developing at 381mm
below cold joint @ 1.0% drift, 0.15mm flexural crack developing 685mm below
cold joint @ 1.0% drift flexural cracks are visible on all faces
3.) 3.0mm diagonal shear cracks @ 1.5% drift extending to 234mm with the
development of a plastic hinge in the center of the column 381mm up from the
cold joint, as the shear cracks develop and release the moment, flexural cracks
have stopped developing at the top of the column, which would be expected
4.) 4.0mm diagonal shear cracks, @ 2.0% drift, minor concrete spalling which is
probably already loose clear cover. Flexural cracks not developing but plastic
hinge is fully developed
5.) South face of west column /bent cap joint has largest 14mm open crack, east face
largest crack is 3.0mm, north face largest crack is 7.0mm, west face largest crack
is 3.0mm; heavy shear damage and a well developed plastic hinge
After removing the de-bonded clear cover the column longitudinal reinforcement on the
south face, the column longitudinal rebar had been found pulled out by 35mm, as shown in
Figure 2.50.

Figure 2.48 West column-bent cap joint at 2% drift ratio
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Figure 2.50 22mm long pullout pocket in column longitudinal bars at West column-bent
cap joint
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Zone 4. East Column Base Damage Assessment

The East column base was instrumented with four strain gages located on the east face of
the column 451mm above the pile cap; the strain gages are numbered SG7, SG8, SG9 and
SG10, as shown in Figure 2.22. These four strain gages are strategically located as to have
one gage on each bar of the lap splice that connects the column longitudinal bar to the pile
cap rebar protruding through the cold joint. The intent was to have strain readings across the
splice to be able to determine whether the splice was long enough to develop the tensile
forces, or whether the splice would slip. As anticipated, the splice was not long enough and
lap splice failure occurred. The maximum tensile strain recorded by these strain gages was
10004, which is 83% of yield by SG8. The maximum compressive strain was from SG8 as
well, and it was 700.s or 58% of yield. The results of monitoring SG7 and SG8 on two bars
shows that the lap slice has two distinct strain levels that can be seen in Figure 2.51. From
0% < drift < 0.5%, the strain levels are perfectly aligned. From 0.5% < drift < 1%, the
tensile strains lay right on top of each other, but the compression strains start to deviate. At
2.0% drift, the tensile strains start to part and the slip in the lap splice starts developing.
From there on, the slip develops further and it is evident that the two bars are straining
differently.

800

sGs
600 I 0

) § T

200 - m
SG7

0 /
-200
-400 -
-600 t U
-800 -
Pull

-1000 + J

-1200

Microstrain (ue)

0 1000 2000 3000 4000 5000 6000

Time (sec.)

Figure 2.51 SG7 and SG 8 showing slip of lap splice in East column base

A moment curvature diagram was constructed for the lower portion of the East column;
the moment increased up to 3.0% drift, and then displayed no increase or decrease. The
moment curvature for the east column bottom is shown in Figure 2.52, from which the
curvature ductility was determined as 17.7; this is 1.8 times the curvature ductility of the East
column-bent cap joint indicating that the bottom of the column suffered more damage than
the top.

51



2000 +

Dy = ¢/, =.0676/.0038 = 17.7
1800 v M - M ¢ >
1600 /
1400 {
E 1200 -
P4
=
= 1000
Q
E l
o
= 800
600 -
400 -
200 ~
¢, =.0038 ¢, =.0676
0

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065 0.07
Curvature (1/m)

Figure2.52 Moment-curvature for East column base

Field Notes for East column base: South face unless otherwise noted

1.) No visible flexural or shear cracks @ 0.5% drift

2.) Hairline flexural cracks start to develop at 279mm and 1.7m above the grade
beam. They start in the middle of the south face and wrap around the west face
and end in the center of the north face of the east column @ 1.0% drift

3.) 0.8mm flexural cracks propagate from hairline; @ 1.5% drift more flexural cracks
appear with the half column formation mentioned above; 2.0mm cracks develop
279mm above pile cap

4.) 1.5mm flexural cracks open on the east half of the column 914mm above pile cap;
No shear cracks have developed yet at 2.0% drift

5.) South face largest crack 3mm, west face largest crack 5mm, north face largest
crack 3mm, east face largest crack 5mm at 5.0% drift

A summary of the performance of the East column base is given in Table 2.11, according

to the three performance levels. The condition of the column base at various drift levels is
shown in Figures 2.53 and 2.54.
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Table 2.11 Damage assessment for East column base

Phase | Phase Il Phase Il
0.5 < drift < 1.0 1.0 < drift £ 2.0 2.0 < drift £ 5.0
Steel n/a n/a n/a
Hairline flexural
cracks start to develop
at 279mm and 1.7m 0.8mm flexural cracks
above the grade propagate from the
beam. They startin hairlines;
the middle of the At 1.5% drift more
south face and wrap flexural cracks appear
around the west face with the half column
No visible flexural or shear and end in the center formation mentioned
Concrete cracks at 0 5% of the north face of the | above; 2.0mm cracks
' east column; develop 279mm above
At 1.0% drift 0.8mm pile cap
flexural cracks South face largest crack
propagate from the 3mm, west face largest
hairlines; crack 5mm, north face
At 1.5% drift more largest crack 3mm, east
flexural cracks appear | face largest crack 5mm
with the half column
formation mentioned
above.
Column motion starts
to pry the rebar and
small strain drop
occurs on
compression phases; At 3.3% drift the column
n/a At 1.5% drift 14% bar is still picking up
Lap Splice < 1% difference in SG7 and | difference in strain but the pile cap
Slip/Bucklin SG8 in tension; 9% compression, still< bar is slipping;

difference in compression.

1.0% in tension;

At 2.0% drift there is
an 8% difference in
tension and 18%
difference in
compression strain

At 5.0% drift the tensile
strain difference is 24%
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(a) (b)

Figure 2.53 East column base: (a) 0.8mm cracks at 1.5% drift ratio, (b) 3mm to 5mm cracks
at 5% drift ratio

Figure 2.54 East column base north face: 3mm to 5mm cracks at 5% drift ratio
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Zone 5: Center Column Base Damage Assessment

The center column base designated as zone 5 contained six strain gages. Four of these
gages SG 23, SG24, SG25, and SG26 are oriented in the same manner as the east column
over a splice; the other two gages SG27 and SG28 are adhered to the confining hoop steel, as
shown in Figure 2.22. Similar to the East column base, the importance of knowing how the
lap splice behaves is the purpose of this instrumentation.

The lap splice held together well until a 1.5% drift ratio, after which the strains started to
deviate; SG23 which was attached to the column rebar did exactly what was expected as seen
in Figure 2.55. In the 6™ cycle, SG23 reached the yield point and continued to increase in
tensile strain with each cycle; on the other hand, the lap splice bar containing SG24 almost
hit yield but then experienced slip at a 1.5% drift ratio; the next couple of cycles show some
slipping then at 2.0% drift the slip degrades sharply, and this continues through to 5.0% drift.
Strain gage SG28 located on the hoop steel recorded only 42% of its yield strength.

2200

2000 | <G 23
1800 1 I \’A m
1600 h

1400 Pu'sh A /' [
NN /
|

o T ==
S llINNE L e

400

200 + \‘ /

Microstrain (ue)

o
-200 +
-400 +
-600 + J

-800 +
Pull
-1000 v v \]
-1200
-1400

0 1000 2000 3000 4000 5000 6000
Time (sec.)

Figure2.55 SG23 and SG24 showing relative slip in lap splice of center column base

In the analytical modeling of Bent #4S, the Center column bottom joint was the first to
develop a plastic hinge; however, during testing it occurred after the Center column-bent cap
joint has developed a plastic hinge. In actuality, plastic hinges formed at approximately
660mm above the grade beam (or 965mm above the pile cap), whereas the plastic hinge for
the column-bent cap joint formed around 381mm below the bent cap. The mode of failure
for the Center column bottom joint was shear induced buckling followed by lap splice failure,
while for the Center column-bent cap joint the failure mode was flexural induced buckling.
The damage for the Center column base, started at the corner intersection of the column and
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grade beam and followed a path crossing the centerline of the column to the outer opposite
edge of the column approximately 1.7m high, as shown in Figure 2.56. Compared to the
damage visible around the Center column-bent cap joint, which was flexural and extended
down from the bent cap 723mm, the Center column base had 2 buckling zones: the first was
approximately 457mm above the grade beam on the West face, and the second was 762mm
above the grade beam on the East face, which correlates to the lap splice slip since that side
experienced the higher tensile load (actuator in push). Figure 2.56 shows the Center column
base after the final drift ratio of 5%.

Figure 2.56 Center column base showing diagonal crack at a 5% drift ratio

A moment curvature diagram was constructed for the Center column base, as shown in
Figure 2.57; the moment demand increased up to a 3.0% drift ratio, and then displayed no
increase or decrease. The curvature ductility for the Center column base was determined to
be 19.4, which is 1.7 times that of the Center column-bent cap joint, and signifies more
damage.

A summary of the performance of the Center column base is given in Table 2.12,
according to the three performance levels. The condition of the column base at various drift
levels is shown in Figures 2.58-2.60.
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Figure 2.57 Moment-curvature for Center column base

Field Notes for Center column base: South Face unless otherwise noted; all measurements
are taken from top of grade beam unless otherwise noted
1.) 0.1mm flexural crack develops on all four sides at 762mm at 0.5% drift
2.) 1.5mm flexural/shear cracks develop between 76mm and 600mm at 1.0% drift
3.) 2.5mm flexural cracks propagate @ 1.5% drift from the previous drift step; more
flexural cracks appear. Flexural cracks are 3.0mm wide by end of 1.5% drift step.
Shear cracks start to develop quickly from the flexural cracks at centerline of
column and are 2.0mm by end of 1.5% drift step
4.) Shear degradation is main mode of failure in the 2.0% drift step with 4.0mm shear
cracks at the opening ends of the east/west faces and tapering to 1.0mm at the
closing ends
5.) Around a 3.3% drift ratio the buckling mechanism on the West face is visible and
evident as the volume change of the area, large (5.0mm) permanent cracks
6.) Largest crack experienced by the end of the 5.0% drift ratio last cycle was
11.0mm on South face near the buckling zone of the west face, 7.0mm on the
West face again associated with the buckling zone, 7.0mm, 16mm, and 19mm
cracks on the North side, as shown in see Figure 2.60(b), and 10 mm cracks on
the East face along the buckling zone
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Table 2.12 Damage assessment for Center column base

Phase |
0.5 <drift £ 1.0

Phase Il
1.0 < drift < 2.0

Phase Il
2.0 <drift £ 5.0

SG23 yields on first 1.5% drift-

Almost all axial bars
have yielded with the

Steel n/a push cycle at about 1.2% drift exception of tho_se close
to the neutral axis on the
North and South faces
2.5mm flexural cracks propagate
at 1.5% drift from the previous Largest cracking
drift step; more flexural cracks experienced by the end
appear. Flexural cracks are of the 5.0% drift cycle
0.1mm flexural crack 3.0mm wide by end of 1.5% drift was 11.0mm on South
develops on all four step. Shear cracks start to face near buckle zone of
sides at 762mm at 0.5% | develop quickly from the flexural West face, 7.0mm on
drift cracks at centerline of column West face again
Concrete 1.5mm flexural/shear and are 2.0mm by end of 1.5% associated with the
cracks develop between | drift step. buckle zone, 7.0mm,
76mm and 600mm at Shear degradation is main mode 16mm, and 19mm
1.0% drift of failure in the 2.0% drift step cracks on North side,
with 4.0mm shear cracks at the see Figure 2.60(b), and
opening ends of the East/West 10 mm cracks on the
faces and tapering to 1.0mm at East face along the
the closing ends buckle zone
Around 3.3% drift the
buckling mechanism on
the west face is visible
and evident by the
volume change and
Column motion starts to pry the large (5.0mm)
rebar and small strain drop permanent cracks.
Lap Splice / occurs on compression phases at | At 2% drift the column
Slip/Buckling | @ 1.5% drift ratio with a 10% bar is still picking up

difference in strain readings
across SG23 and SG24

strain but the pile cap
bar is slipping, the
difference in strain is
33%. There is 64%
difference at 3.3% drift
and 73% difference at
5%drift
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(@) (b)

(@) (b)

Figure 2.59 Center column base at 5% drift: (a) South face, (b) East face
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Figure 2.60 Center column base at 5% drift: (a) West side and Southwest corner showing
buckled bars, (b) North face

Zone 6: West Column Base Damage Assessment

The West column base, designated as zone 6, contained six strain gages; four of these
gages SG 47, SG48, SG51, and SG52 were oriented in the same manner as the Center and
East columns over the lap splice. The other two gages SG49 and SG50 were attached to the
confining hoop steel. Similar to the other column bases, the goal of the instrumentation was
to understand how the lap splice functioned. The lap splice held together well up to a 1.5%
drift ratio, with a 7% strain difference between the column and foundation bars and then the
strains started to deviate. Strain gage SG51, which was attached to the column rebar yielded
in the third cycle and kept increasing in strain as shown in Figure 2.61.

The bar containing SG52 almost hit yield in the sixth cycle at 2.0% drift and experienced
a 13% difference in strain from SG51. At 3.3% drift, the slip degraded quickly showing a
33% difference in strain, and at 5.0% drift the difference was 51%. Strain gage SG28 located
on the hoop steel was stressed to a fraction of its yield strength at 200, or 16% of its yield
strength.

In the analytical model the West column base was the last to develop a plastic hinge. A
plastic hinge formed 571mm above the grade beam. There was no apparent buckling around
the West or East faces, even though there was lap splice failure and yielding. This confirms
that the analytical model was correct in predicting this to be one of the last hinges to form.
From observations during the test, the plastic hinge was still developing and was not a full
mechanism at 5% drift ratio.
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Figure 2.61 Strain gages SG51 and SG52 showing relative slip in the lap splice of West
column base

A moment curvature diagram was constructed for the West column base, as shown in
Figure 2.62; the moment demand increased up to 3.0% drift, and then displayed no increase
or decrease. The moment-curvature ductility for west column bottom joint was determined
to be 16.9, which is 1.6 times that of the West column-bent cap joint, and signifies more
damage.

A summary of the performance of the West column base is given in Table 2.13,
according to the three performance levels. The condition of the column base at various drift
levels is shown in Figures 2.63 and 2.64.
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Figure 2.62 Moment-curvature for West column base

Field Notes for West column base: South face unless otherwise noted; all measurements are
taken from top of grade beam unless otherwise noted

1.) No visible flexural or shear cracks @ 0.5%

2.) Hairline flexural cracks @ 1.0% drift start to develop at 419mm, 723mm, 1.1m,
and 1.5m above the grade beam. They start in the middle of the South face and
wrap around the West and East faces and end in the center of the North face of the
East column. The cracks do not align to form one continuous ring around the
column; they are staggered

3.) 1.0mm flexural cracks propagate from the hairlines @ 1.5% drift in the 419mm
height range

4.) 1.0mm flexural cracks start migrating to the corners of the column and grade
beam to develop the shearing mechanism @ 2.0% drift

5.) A triangular chunk of concrete is cracked and hanging in place on the West face.
The largest crack on the South face was 11mm, on the West face the largest crack
was 4.7mm, on the North face the largest crack was 6mm, an on the east face the
largest crack was 9mm at 5.0% drift
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Table 2.13 Damage assessment for West column base

Phase | Phase Il Phase I
0.5 < drift < 1.0 1.0 < drift < 2.0 2.0 <drift < 5.0
Almost all rebars have
: : : . -rd | SG52 yields in tension yielded with the
Steel ??:?elo)?il%% /m dtr?f? sion (push) in 3 on first push cycle of exception of those close
Y 70 1.5% drift to the neutral axis on the
north and south faces
No visible flexural or shear cracks
at 0.5%; 1.0mm flexural cracks A trianaular chunk of
Hairline flexural cracks at 1.0% drift | propagate from the concre?e is cracked and
start to develop at 419mm, 723mm, | hairlines at 1.5% drift in handing in olace on the
1.1m, and 1.5m above the grade the 419mm height ging inp
. . . West face. The South
beam; they start in the middle of range. face largest crack is
Concrete the South face and wrap around 1.0mm flexural cracks 11mm a/est face largest
the West and East faces and end in | start bending to the y 9
crack 4.7mm, north face
the center of the North face of the corners of the column
largest crack 6mm, east
East column. The cracks do not and grade beam to
- ) . face largest crack 9mm
align to form one continuous ring develop a shear at 5.0% drift
around the column; they appearto | mechanism at 2.0% drift '
be staggered
. At 3.3% drift the column
Column motion starts to bar is still picki
. . . ry the rebar but the ar is stilf picking up
. 0.5% drift shows 5% difference in P! ) ; strain but the pile cap
Lap Splice . o . difference still remains R
. : strain reading; 1.0% drift shows 7% o o A . bar is slipping, the
Slip/Buckling difference 7% at a 1.5% drift ratio. difference in strain is
By the end of 2.0% drift, .
i : 33%. At 5.0% drift the
there is a 13% difference ; )
difference is 51%

Figure 2.63 West column base damage: (a) South face at 2% drift, (b) South face at 5% drift
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Figure 2.64 West column base post-test damage on South face at 5% drift

Overall Structural Performance

Performance Levelsfor Bent #4S

There were three performance levels for Bent #4S as evidenced by analysis of the test
data: (1) System yielding at 1% drift ratio, (2) Longitudinal column bar pullout from the East
and West column-bent cap joints at 2% drift ratio, and (3) Lap-splice failure at the base of all
three columns by 5% drift ratio. These three performance levels define then important
phases of the tests and the damage experienced by the structure, which is summarized in
Table 2.14
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Table 2.14 Damage assessment of structure of Bent #4S

Element Phase | Phase Il Phase llI
0.5% < drift < 1.0% 1.0%< drift < 2.0% 2.0%< drift < 5.0%
Center and West Bent
cap yield in tension . .
first pull cycle of 0.5% Strain hard_enlng through the Strain hardening in
Steel i pull cycles in East and West
drift; East Bent cap Bent ca Center Bent cap
yields first pull cycle of P
1% drift
Column 0.2mm-1.5mm flexural 1.0mm-5mm cracks 4mm- 6.5mm cracks
-Bent cfacks ’ lengthening of the shear developing; Shear
Cap Concrete 1mm diagonal shear cracks which develop plastic mechanism is fully
Joints cracks 135mm- hinges; developed; South face of
200mm lon buckling of column bars in center column has 17mm
9 Center column open flexural crack
Corner bars de-bond locally Column bar pullout
Column Bar at 1.5% drift at West column; begins at 2% drift on East
Pullout / n/a Spalling of clear cover on SE | and West column; bar
Buckling corner of Center column; buckling in Center
buckling initiation column at 3% drift
Almost all axial rebar
Center column steel yields at Z';’I{?;r':; (v:viﬂt?r:eand West
Steel n/a 1.2% drift and West column at .
. exception of those close
1.5% drift ;
' to the neutral axis on the
north and 